framework enables the predictive value of traits to be evaluated empirically, how this 23 categorisation can be used to better understand range shift processes, and illustrate how 24 range shift estimates can be improved. 25 
26
Predictive traits as a new paradigm in climate change ecology 27 Mitigating the threat from climate change to biodiversity and ecosystems requires a robust 28 understanding of how species will respond to new climatic conditions. The most common 29 method for estimating a species' exposure to climate change is to compare future climatic 30 conditions against the conditions in which a species currently lives [1] . While there is 31 disagreement about the accuracy of these techniques, they are well explored, and there is 32 literature on best practice [2, 3] . Species vulnerability to exposure is less well understood. A 33 major uncertainty is whether species are able to colonise newly climatically suitable areas 34 once current geographic ranges become unsuitable. Such "range shifts" (see Glossary) could 35 mitigate threats from climate change. 36 Predictive traits have been suggested as a simple way to improve estimation of species' 37 range-shift capacities, identifying how well species are likely to cope with climate change [4-38 7]. 'Range-shift capacity' could be interpreted as the likelihood of range shifts occurring or 39 timescale over which range shifts might occur. The emerging approach is to integrate 40 information on both a species' exposure to climate change and the traits expected to drive 41 range-shift capacity, producing a relative metric of species risk [4] [5] [6] . The choice of 42 predictive traits in these approaches is rarely based on quantitative evidence, and many 43 studies rely on expert opinion and data availability [4, 6] . The number of studies with 44 different sets of traits can be overwhelming, and there is a need to clarify how different 45 traits contribute to species range-shifts, and thus climate change threats, using the evidence 46 accumulated over the past two decades. -47 48 A framework to evaluate and employ predictive traits 49 In addition to climate change ecology, bodies of theory within metapopulation, invasion, 50 life-history, restoration and reintroduction ecology deal with range shifts, i.e. the 51 establishment and expansion of new populations. We draw from these disciplines to 52 identify four key range shift processes (Box 1). Despite widespread acceptance of these 53 range shift processes, their importance for any given taxa or range-shift scenario is poorly 54 known. Traits could be used to indicate success at each range shift process, but the relevant 55 traits are numerous and diverse, will differ between taxa, and are measured to varying 56 degrees. This presents difficulties for evaluating the importance of a trait. We therefore 57 propose a trait categorisation (Box 2) that corresponds to range shift processes. This 58 categorisation results in testable hypotheses as to causal mechanisms underlying the 59 relationship between traits and range shifts. The categorisation also allows trade-offs and 60 interactions between traits to be recognised and accounted for. For example, migratory 61 status could affect range-shift capacity positively by conferring high movement ability, or 62 negatively by limiting emigration because migrants show fidelity to breeding and over-63 wintering sites between years [8, 9, Box 2]. Categorisation permits the use of existing 64 evidence bases to identify the most important traits and range shift processes for a given 65 taxa, improved testing of the relationship between traits and range shifts, and superior 66 assessments of the range-shift capacities of large numbers of species (Box 3). Given the 67 hundreds of traits that could be analysed for different taxa, employing the categorisation 68 we suggest based on the range-shift framework (Box 2) would permit future studies to be 69 comparable. And while the evidence bases we discuss are correlative, choosing traits to 70 analyse based on our framework would generate testable hypotheses as to causal 71 mechanisms. 72 In addition to traits, various range shift stages might be affected by species' exposures to 73 climate change and thus by species' climatic tolerances. Here we deal exclusively with how 74 traits can be employed to improve range-shift predictions, but raise this issue in box 4 75 (Outstanding Questions).
77
Evidence bases for the relevance of predictive traits to range-shift capacities 78 There are multiple metrics for which a wealth of data exists that can be used to evaluate the 79 predictive value of traits. Traits that correlate with biogeographical patterns and their 80 changes through time are likely to be the same traits that correspond to the processes of 81 climate-driven range shifts. Below we discuss potential metrics for evaluating predictive 82 traits, summarize their advantages and disadvantages and the major lessons learned for the 83 use of predictive traits in estimating range-shift potential. We illustrate these points with 84 selected examples from the literature (Table 1) . We focus on terrestrial systems, for which 85 we found the most evidence as to the processes that drive range shifts. 86 Recent range shift 87 Detecting the traits shared by species that have undergone the greatest range shifts in 88 recent decades is the most direct way to infer traits that will promote or hinder modern 89 range shifts, which must also take place in tens to hundreds of years due to the current pace 90 of climate change. However, analyses of traits that correspond to recent range shifts have 91 yielded equivocal results [10-14] ( Table 1) . One explanation might be that the drivers of 92 range shift are so complex that a few decades worth of data are insufficient to draw 93 generalisations. A second explanation is that these analyses have rarely considered species' 94 exposure to climate change. If no areas become newly climatically suitable no colonisation 95 can occur, and if species can tolerate new conditions no range contraction will occur. It has 96 often been difficult to calculate exposure due to challenges in obtaining accurate data on 97 climatic tolerances for the species that have undergone range shifts (though see [14] ). 98 Where this is not possible, measuring shifts along environmental axes (e.g. climatic) should 99 yield more insights than using only latitudinal or altitudinal shifts [15] . The requirement for 100 data at multiple time points restricts this approach to a handful of very well-studied taxa 101 and geographic regions, reinforcing biases that already exist in the climate change literature 102 [16] . Despite these limitations, the few trends that have emerged correspond to results 103 obtained using other biogeographical metrics (range size or range filling, see below, 104 Glossary and Table 1 ). We therefore suggest that, while monitoring ongoing range shifts is 105 highly important for understanding the predictive value of traits, proxies such as range filling 106 and range size are also useful. to which range size is determined by species' capacities to colonise and persist in suitable 120 areas, or by the availability of suitable environmental conditions. Range sizes could also be 121 affected by historical biogeographical processes, and analytical techniques are emerging to 122 quantify these effects [20] . These caveats also apply to range filling, below. 123 Range filling 124 The rationale behind the use of range filling to inform predictive traits is that, when 125 potential range is calculated using suitable climatic conditions (using an SDM or 126 physiological data [2, 3, 21]) unoccupied portions of the potential range must be due to non-127 climatic range limitations (e.g. edaphic conditions, dispersal limitations, biotic interactions). 128 Traits associated with range filling would therefore indicate vulnerability to current or 129 historic non-climatic range limitations [22, 23] , and thus inform species' vulnerability to 130 similar limitations during modern range shifts [19] . However, range-filling reflects processes 131 that occurred over thousands of years, some of which might not be at play in modern range- 132 shifts, due to the faster pace of current climate change. For example, biotic interactions like 133 competitive exclusion are often more observable over long timescales [24, 25] . Therefore, 134 traits that correspond to competitive ability might be more important to range filling than to 135 modern range shifts; a hypothesis that could be tested using available evidence bases and 136 our framework. . The proportion of introduced species that are invasive is low, although there is 147 not a general agreement (e.g. 1% [32] or 25% [33] ). Thus, invasive species may not be 148 representative of most species, in particular species that are rare as natives and thus of 149 particular concern under climate change: traits related to invasion success are not the 150 inverse of traits related to extinction risk [34] . Nonetheless, the vast majority of naturalised 151 species do not become problematic or widespread invasives and are thus broadly 152 representative, suggesting that tapping this information source would be valuable. 153 Abundance shifts 154 Examining changes in abundance across geographic space offers insights into population 155 growth rate that cannot be gained by studying range (i.e. occurrence) shifts alone [15, 16] . 156 Abundance changes might occur before range shifts can be observed, and could give specific 157 insight into the traits associated with establishment. The relationship between predictive 158 traits and trends in abundance have been fairly well studied [35] [36] [37] . Traits related to 159 abundance declines suggest susceptibility to anthropogenic stressors, which could in turn 160 limit range-shift capacity, particularly in human dominated areas [38] . The heavy data 161 demands for calculating population trends limit these data to a few countries and for 162 conspicuous groups of species (Table 1) . Recent research has investigated spatial abundance 163 dynamics at the community level rather than focusing on individual species [e.g. 39]. This is 164 particularly useful when individual species are rare or show only small abundance changes. 165 However, community indices might mask hidden drivers or differences between species 166 [40], and to our knowledge no study has yet linked them to predictive traits. 167 Threat status 168 Examining the traits that correspond to species' threat status is commonly done thanks to 169 large, standardised datasets such as the IUCN Red List [41]. However, threat status is driven 170 by a plethora of environmental stressors, of which climate change is a relatively recent 171 factor. We consider threat status to be a weak proxy for species' range-shift capacities 172 under climate change. Nonetheless this line of enquiry has generated much expertise and 173 understanding of the relationship between traits and species vulnerability.
174

Traits explaining distribution changes: what is done, and what could be done
176 Table 1 summarises 40 studies that are excellent examples of the above evidence bases 177 because they analysed a large number of species from different taxa and a variety of traits 178 from different regions. The studies were selected following criteria in Appendix S1 (section 179 A), and include all metrics discussed above. There are two major hurdles to interpreting Table 1 suggests it should be considered in the future. For instance, 206 Estrada et al. [19] found that seed bank persistence in plants was even more important than 207 movement ability or ecological generalization in predicting range size and filling for plant 208 species in Europe. For animals, hibernation has been hypothesised as improving range shifts 209 by enabling individuals to avoid unfavourable conditions [10] (Box 2), but showed no 210 predictive power (Table 1) . No support was found for longevity (Box 2), possibly because 211 longevity trades off with age of first reproduction, reflecting slower colonization [44] . Thus, 212 traits that correspond clearly to persistence might be difficult to define for animals. 213 Although rarely accounted for in range-shift forecasts, competitive ability was studied in 14 214 cases, and had a positive effect in nine. For plants there are well-established frameworks to 215 evaluate competitiveness (e.g. the Competitor-Stress tolerator-Ruderal framework [44]) but 216 there is as yet no corresponding framework for terrestrial animals. For animals therefore, 217 we included traits in this category that correspond to dominance (e.g. local abundance), 218 intra-generic co-occurring species richness (indicating the number of similar, potential 219 competitor, species), and brain size (which corresponds to innovation, a key component of 220 competition avoidance [27] ). Given the surprisingly high importance for these traits, we 221 recommend more work towards understanding the impacts of competition on species 222 ranges. 223 The least studied and least supported trait categories in our sample were avoidance of small 224 population effects, which corresponds to colonisation ability, and site (in)fidelity, which 225 corresponds to emigration (Box 2). Categorising avoidance of small population effects in 226 plants is fairly straightforward: self-fertilization and vegetative regeneration are key traits in 227 this respect and are widely measured. However, in the papers we sampled for animals, 228 relevant traits analysed were population or social group size, which could be too simplistic 229 to capture complex outcomes of animal behaviour for small population sizes. We note that 230 traits that correspond to reproductive strategies, which were important in some cases, 231 could also contribute to avoidance of small population effects. The limited support for traits 232 related to avoidance of small population effects could imply that the colonisation process 233 might not strongly limit range shifts for the majority of taxa studied (Box 1). However, we 234 suggest that the importance of this category should not be precluded until a broader range 235 of relevant traits is examined. Despite little evidence for the predictive value of relevant 236 traits in Table 1 , modelling studies support the importance of emigration to climate-driven 237 range shifts [45], and we therefore suggest that site (in)fidelity traits merit further 238 investigation. 241 It is important to remember that a lack of support in the evidence bases we sampled should 242 not be taken to suggest that a given trait is not important for any species. Rather, positive or 243 negative effects in Table 1 indicate evidence across many species that a given trait is 244 sufficiently tightly linked to a range-shift process that it could be used to inform relative 245 estimates of range-shift likelihood in multi-species analyses. A caveat to all correlative 246 approaches we outline is that trait plasticity and evolution (past or ongoing) might obscure 247 the relevance of traits to range shifts. Table 1 260 indicate that characterizing species with single trait values does detect relative interspecific 261 variation in metrics that correspond to range-shift capacity.
240
Limitations of existing evidence bases
263
Concluding remarks 264 We encourage the use of predictive traits in assessment of species potential to colonise new 265 areas in response to climate change. We recommend that all range-shift processes should 266 be represented in the choice of traits, and we demonstrate how traits can be categorised in 267 terms of their contribution to these processes and used to inform range shift potential. Ecological generalization: the ability to use a wide variety of a given resource type, e.g., 296 ecological generalists could breed in a wide variety of land cover types, have a broad diet, or 297 tolerate a broad range of soil types. trait categories we suggest (Box 2). We do not suggest that there is an exclusive 391 correspondence between a given trait category and range-shift process. Rather, we identify 392 the links between trait categories and range-shift process that evidence suggests are the 393 most directly informative. Note that we are considering species traits and not their 394 interaction with the environment, e.g., we do not include the effect that climate-driven 395 resource limitation could have on emigration. 396 397 Box 2. Categorisation of predictive traits 398 We propose seven trait categories related to range-shift processes ( Figure I) . Trade-offs and 399 interactions between traits mean that some categories cannot be tied exclusively to one 400 range-shift process. We highlight traits addressed by studies in Table 1 432 We examine pairs of species that are predicted to potentially undergo climate-driven range 433 shift in the 21 st century (Table I) . We show how different traits can be used to inform the 434 likelihood or speed of range shifts. There are multiple ways in which trait categories could 435 be combined to determine range-shift ability. Here we classify the trait values for each 436 species as High, Moderate or Low depending on the species' trait value relative to values for 437 related species. We averaged the results for the best-supported traits for a given taxa. For 438 the sake of illustration, we consider that a trait category is supported when at least three 439 studies in Table 1 found a significant relationship between the trait category and a response 440 variable. Other approaches are possible, such as i) assigning a numeric score to the results in 441 each trait category and summing across all, or the best-supported categories, ii) two species 442 can be compared by summing the number of differences (positive and negative) between 443 results in each, or the best-supported, trait category. We make no recommendations as to 444 best practice as insufficient information exists on the relative importance of each trait 445 category, but urge research that compares the importance of trait categories amongst 446 species. Both Populus nigra and Carpinus betulus are predicted to gain climatically suitable 447 areas to the north of their range ( Figure II) , but Carpinus betulus is more likely to colonise 448 this area. Sylvia cantillans is predicted to gain proportionally more climatically suitable area 449 than Corvus monedula but has less ability to colonise this area, changing relative 450 assessments of climate change effects on these species. 
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